justed hazards ratio (aHR) 1.65, 95% CI 1.38-1.97, p < 0.0001). There was a significant interaction between appointment and medication non-adherence; those with appointment and medication non-adherence were at very high risk of graft loss (aHR 4.18, 95% CI 3.39-5.15, p < 0.0001), compared to those with only appointment non-adherence (aHR 1.39, 95% CI 0.97-2.01, p = 0.0766) or only medication non-adherence (aHR 2.44, 95% CI 2.11-2.81, p < 0.0001).
transplant, with rates estimated at 36 cases per 100 patients per year [4] . Medication non-adherence has been established as a predominant risk factor for graft loss; a meta-analysis demonstrated that more than a third of graft losses were associated with medication non-adherence. The odds of graft loss in those deemed non-adherent to medications is 5-7 times higher, as compared to those that are adherent [5, 6] .
Although non-adherence is clearly established as a major risk factor for late graft loss, prospective tracking and early identification of those that are non-adherent to medications in standard clinical practice is a difficult and time-intensive endeavor. Anecdotally, outside of trials, non-adherence in the clinic is usually identified after a patient develops negative sequelae from this behavior, represented by rejection or, if not identified early, substantial and irreversible graft inflammation and damage [7] . Most studies assessing medication non-adherence use indirect measures, such as self-report, medication refill assessment (through medication possession ratios (MPRs)), or electronic home-based surveillance systems [8] . Tracking of timely refills through MPRs using pharmacy claims data appears to be a valid indirect measure of medication non-adherence and one of the more promising and logistically feasible mechanisms for populationbased surveillance [9] [10] [11] . However, it is still difficult to do within the US health care environment, as health care is fragmented and patients may refill medications at multiple pharmacies and across different systems of care [12] .
In comparison, relatively few studies have assessed nonadherence to follow-up appointments as a risk factor for graft loss. The estimated rate of appointment non-adherence is 5.8 cases per 100 patients per year; however, this estimate relies on a small number of dated studies [4] . Theoretically, tracking appointment non-adherence is a much easier endeavor, as this type of non-adherence can be confined to one health care system and electronic health records have the ability to report this data in real-time to clinicians or as aggregated reports. Thus, the aim of this study was to determine if appointment non-adherence during routine follow-up is correlated with medication non-adherence and if it is associated with deleterious clinical outcomes in a large veteran kidney transplant population.
Methods

Study Design and Patients
This was a retrospective longitudinal cohort study that utilized a previously described dataset of a national sample of veteran kidney transplant recipients. We linked the VA corporate data warehouse (CDW), which contains detailed information aggregated from electronic health records, including outpatient, inpatient, laboratory, radiology and pharmacy data, to the United States Renal Data System (USRDS), which contains all the data available from the Organ Procurement and Transplantation Network (OPTN) registry system. Thus, a national dataset of kidney transplants recipients containing detailed baseline data from OPTN and comprehensive follow-up clinical data from the VA CDW was created. The study population included recipients of kidney transplants between January 2001 and December 2007 who received care within the VA system, with follow-up through December 2010. Non-renal transplants (pancreas, liver, heart, lung), those that were not African-American or Caucasian (due to previous study definitions), events occurring outside of the designated time period and those with graft loss or follow-up <1 year were excluded. Further details on how the dataset and study cohort was created can be found elsewhere [13] .
Non-Adherence Definitions
Medication non-adherence was assessed through the use of MPRs. The VA is a closed health care system; thus, pharmacy administrative data, including all prescribing and refill information, is available at a national and comprehensive level. MPRs were determined using previously published and validated methodology, by calculating patient and medication-specific sum for days' supplies and dividing this by the total days in that given year [14, 15] . We assessed both immunosuppression and cardiovascular medication classes for this analysis. For appointment non-adherence, all patient with 'no shows' to both clinic and laboratory visits were counted and divided by the total number of these types of visits that occurred on an annual basis per patient. Within the VA system, missed or cancelled appointments can be assessed at a granular level. If a clinic or provider cancels an appointment, it is listed as 'cancelled by clinic'. If a patient calls ahead of time and cancels or reschedules an appointment, it is listed as 'cancelled by patient'. If a patient fails to show up or misses an appointment without calling ahead or after the appointment, it is listed as 'no show'. For this assessment and subsequent analyses, only appointments listed in the VA system as 'no shows' were counted as a missed appointment. All cancelled or rescheduled appointments were not counted in this metric. Non-adherence was aggregated by post-transplant year for each patient. Once a patient developed graft loss, non-adherence to either medications or appointments was censored at that time point. To ensure accurate and unbiased estimates of non-adherence, we utilized categorical (with cut points) and continuous assessments of these measures, in both cross-sectional and longitudinal analyses.
Outcomes
The primary outcome of interest was graft loss, defined as either retransplantation, a return to chronic dialysis or death. Mortality was also assessed as an outcome. Graft loss and death were assessed as time to event outcomes. Acute rejection (defined as biopsy proven or treated) and delayed graft function (defined as the need for dialysis within 7 days of transplant) were also assessed.
Statistical Analysis
First, we aggregated non-adherence data across the entire follow-up period and assessed the correlation between appointment and medication non-adherence. Due to the skewed non-normal 93 distributions of both these measures, median values were utilized and the correlation (PROC CORR) was assessed by comparing the median of each after stratifying patients into ventiles (PROC RANK). Formal spline and knot analysis revealed a nonlinear correlation, and one knot was utilized to create 2 linear correlations (PROC TRANSREG, PBSSPLINE).
Next, we assessed the dose-response of both appointment and medication non-adherence using Cox regression analysis (PROC PHREG) and categorizing patients based on median nonadherence rates during post-transplant follow-up. MPR values were aggregated for immunosuppression and cardiovascular medications and grouped by 5% increments, from ≥ 95 to ≥ 40%; appointment non-adherence was aggregated for both clinic and lab visits and grouped in 4% increments from ≥ 4 to ≥ 44%. These were selected based on review of frequency histograms. From this, an MPR threshold of 80% and appointment threshold of 12% were chosen as valid cut points to dichotomize the cohorts. Baseline characteristics were compared using standard univariate analyses (PROC FREQ (chi-square), PROC NPAR1WAY (Wilcoxon)). Sequential modeling with Cox regression (PROC PHREG) was utilized to assess for the independent effect of appointment and medication non-adherence on graft loss and death, adjusted for baseline characteristics. The final complete model contains both the medication non-adherence and appointment non-adherence variables.
To ensure whether estimates were robust and minimally influenced by missing data, 2 sensitivity analyses were conducted. First, we utilized multiple imputation (PROC MI, PROC MIANALYZE) and conducted the same iterative modeling as above to compare estimates obtained using the complete case dataset. Second, we conducted longitudinal analysis through joint modeling to estimate the random intercepts and slopes for appointment non-adherence in each patient and then entered these into Cox regression models. Covariance from repeat transplants in the same individual was accounted for during modeling (CONS (aggregate)). A two-sided p value of <0.05 was considered statistically significant and all analyses were carried out using SAS version 9.4 (SAS Institute, Cary, N.C., USA).
Results
Between January 2001 and December 2007, 5,757 veteran kidney transplant patients receiving care through the VA system were capable of being linked to the USRDS registry data. Of these, 494 were excluded for race/ethnicity, 345 were excluded because of a transplant outside the defined study time period and 272 were excluded for graft loss or follow-up <1 year post-transplant, leaving 4,646 included in the analysis (online suppl. fig. 1 , consort diagram; for all online suppl. material, see www.karger.com/ doi/10.1159/000453554). For the primary multivariable analyses, 3,656 patients with complete data were included. The sensitivity analysis using multiple imputation included all 4,646 patients. Table 1 displays the baseline characteristics of the study population compared between appointment non-adherence cohorts. Patients with a missed appointment rate of ≥ 12% were, in general, 7 years younger and significantly more likely to be AA, unmarried, the recipient of a deceased donor transplant, spent a longer time on dialysis, and less likely to have received a preemptive transplant.
The estimated frequency of appointment non-adherence is displayed in online supplemental figure 2; 14.6% of patients (532 of 3,656) had an appointment no show rate of ≥ 12% during the follow-up period (prior to graft loss). The median appointment non-adherence rate for the entire cohort was 0% (interquartile range 0-6.7%), with the top 10% of non-adherent patients having a median appointment no show rate of 16.7%. There was a strong dose-response between appointment non-adherence and risk of graft loss (R 2 = 0.856; online suppl. fig. 3 ), such that for every 1% increase in appointment non-adherence, there was an estimated 5% increase in the adjusted hazard ratio (aHR) for graft loss (95% CI 3.4-6.5, p < 0.001). This was particularly the case once the appointment non-adherence rate was greater than 12%. Appointment non-adherence also tightly correlated with medication non-adherence. Online supplemental figure 4 displays the median appointment non-adherence rate vs. the ranked median MPR rate in ventiles. In the top 50% of adherent patients, the median MPR rate was ≥ 80%, with the median missed appointment rate being 0%. Once the MPR fell below 80%, missed appointment rates increased above 0% in a linear fashion, such that a 1% increase in the missed appointment rate translated into an estimated 1.6% decrease in MPR (95% CI 1.4-1.8, p < 0.0001).
A missed appointment rate of ≥ 12% was a significant risk factor for deleterious clinical outcomes, including delayed graft function, acute rejection, graft loss, and death ( table 2 ) . Those with a missed appointment rate of ≥ 12% had 1.5 times the risk of acute rejection (22.0 vs. 14.7%, p < 0.0001) and a 27% higher risk of delayed graft function (19.9 vs. 15.7%, p = 0.0152). In the unadjusted univariate analysis, appointment non-adherence was associated with a 71% higher risk of graft loss (HR 1.714, 95% CI 1.47-2.00, p < 0.0001) and a 31% higher risk of death (HR 1.314, 95% CI 1.09-1.59, p = 0.0050).
The sequential multivariable modeling results are displayed in online supplemental table 1. Both appointment and medication non-adherence were significant and independent risk factors for graft loss even after adjusting for baseline covariates and post-transplant events, including DGF and acute rejection. In the fully adjusted model, which included medication non-adherence, appointment non-adherence was independently associated with a 65% higher risk of graft loss (aHR 1.650, 95% CI 1.38-1.97, p < 0.0001; fig. 1 ). In general, medication nonadherence tended to be a stronger risk factor for graft loss (aHRs 2.63-2.51), as compared to appointment non-adherence (aHRs 1.65-2.04; online suppl. table 1). There was also significant effect modification between appointment and medication non-adherence, as visualized in figure 2 . Those with high appointment non-adherence and low medication adherence were at a significantly higher risk of graft loss (aHR 4.18, 95% CI 3.39-5.15, p < The 2 sensitivity analyses, one to assess the impact of missing data and one to assess the impact of using longitudinal data analysis, demonstrated that the estimates were robust and not likely to be significantly biased by missingness or type of analysis. Online supplemental table 2 displays the iterative modeling outcomes using the imputed data set (n = 4,646, mimics online suppl. table 1). The impact of non-adherence on outcomes are similar to those estimated using the complete case analysis, demonstrating low likelihood of bias due to missingness. The longitudinal data analysis demonstrated that a 1% increase in appointment non-adherence trajectory per year of follow-up was associated with a 30% increased risk of graft loss (slope aHR 1.303, 95% CI 1.17-1.46, p < 0.001), with an estimate 96 of 2.6% increased risk of graft loss for every 1% increase in appointment non-adherence at baseline (intercept aHR 1.026, 95% CI 1.01-1.04, p < 0.001). These longitudinal estimates were similar, in both direction and magnitude, to those obtained using the aggregated follow-up data.
Discussion
These results demonstrate that there is a strong correlation between appointment and medication non-adherence in kidney transplant recipients and that appointment non-adherence is a robust predictor for graft loss and death, even after accounting for medication non-adherence and acute rejection. Being non-adherent to both medications and appointment visits was associated with 4 times the risk of graft loss. Because appointment nonadherence is an easier measure to prospectively track in the real-life clinical care and follow-up of a transplant patient, these results suggest that interventions focused on identifying and resolving barriers causing appointment non-adherence may lead to improved long-term outcomes.
Although medication adherence is an important predictor of graft loss, it is difficult to define and measure. When reviewing previous literature assessing non-adherence after transplant, the estimated incidence is widely variable based on the method of measurement. For example, in one cohort, physician-suspected non-adherence was low (9%) compared to non-adherence based off of self-report questionnaires (31-37%), both of which are subjective measures [16, 17] . The MPR is an objective method of non-adherence detection that has been demonstrated to be associated with adverse health outcomes and can be used optimally within a closed health care system, such as the VA [11, 12, 18, 19] . Based on frequency histograms, we used a cut point MPR of 80% as our indicator value for non-adherence. Because an MPR of 80% has been recognized consistently as a definition of nonadherence in prescription refill record analyses and is generally recognized as acceptable across all adherence measures in solid organ transplant, this appears to validate our results [20] [21] [22] [23] . With the accuracy of MPR being questionable outside of closed health care systems, more optimal real-time objective measures of non-adherence are necessary. To further this endeavor, we chose to investigate appointment non-adherence.
Appointment non-adherence is a method to quantify medical adherence that has been measured infrequently in adults in the modern immunosuppression era. Additionally, the definitions of clinic non-adherence have varied in existing reports. Liu and Zaki [24] identified only 9 out of 246 kidney transplant patients that self-reported missing any clinic visits, none of whom also had self-reported non-adherence to immunosuppressants. The results from Liu and Zaki [24] differ significantly from our own, which may be explained by the method of data capture (self-report vs. hospital-records), as well as culture and health care system (Malaysian vs. United States). More recently, in a cohort from Poland, 110 kidney transplant recipients were interviewed regarding adherence to multiple lifestyle recommendations. The researchers found that self-reported non-adherence to clinic visits increased over time from the transplant (5% at 2 months, increasing to 10% at 2 years) [25] . Although the incidence of clinic non-adherence was more similar to our own, the methods, population, and purpose for the analysis differed as there was no attempt to associate appointment non-adherence to graft outcomes. Other studies have defined non-adherence to clinic visits as missing >20% of visits, which differs from the cut-off point identified in our study. Yavuz et al. [26] found that 7.7% of 226 kidney transplant patients at their center in Turkey missed more than 20% of clinic visits, which is lower than the incidence of 14.6% that was discovered in our study. This may be due to the difference in the cut-off point chosen to identify non-adherence (20 vs. 12%). Additionally, it has been identified that studies addressing non-adherence in Europe report significantly less non-adherence to medical therapies than studies performed in the United States [4] . However, within the United States, Kiley et al. [27] found that none of the patients in their cohort missed >20% of clinic visits, in spite of almost 25% of the 110 patients demonstrating non-adherence to medications. Unfortunately, this cohort was from over 20 years ago, when immunosuppression, transplant follow-up, and documentation were quite different than they are today.
There were a number of significant risk factors for appointment non-adherence. These included African American race, younger age, and not being married. We were not able to measure socioeconomic status (SES) in these patients. However, missed appointments may be a reflection of other SES measures, because at times, veterans need to travel long distances for these appointments. Thus, transportation or costs of travel may be a barrier. Beyond this, there may be health literacy issues. Missed appointments may be a reflection of not understanding how to navigate the complex VA system, with multiple clinics, locations and providers. Education and health literacy may also impact behavioral components due to lack of understanding of importance of good follow-up and/or motivation to keep appointments [27] [28] [29] . Unfortunately, these are issues we could not measure in retrospective review. They do represent areas of future study, as these are clearly modifiable, if they truly are mediators of non-adherence.
Overall, it is interesting to note that there are no recent comparable studies that measure non-adherence to clinic and laboratory visits and its relationship to allograft outcomes in the adult population. This is particularly thought provoking, given the recent focus on medication non-adherence as a major risk factor for late allograft loss and the fact that medication non-adherence is quite difficult to track [1, 11] . Although there are fewer studies addressing non-adherence in pediatric transplant recipients, they more commonly report on clinic and laboratory visit non-adherence. A recent meta-analysis on the subject identified that non-adherence to clinic and laboratory visits in pediatrics are higher than reported medication non-adherence (13-19 cases/100 persons per year (PPY) vs. 6 cases/100 PPY), although the impact on outcomes was not assessed [28] . We believe that, through this analysis, we have identified a simple and objective indicator of non-adherent behavior, which can be tracked real-time in any electronic health record. By using an unbiased, easily replicable indicator of non-adherence, it should be possible to accumulate more homogenous data on the prevalence of non-adherence, as well as the effects of potential interventions.
There are a number of limitations to our analysis. As a retrospective longitudinal study, some of the baseline data utilized were dependent on documentation in the medical records and reporting to the OPTN. It is important to note, however, that the sensitivity analyses to evaluate the effect of the missing data demonstrated a lack of evidence suggesting missingness bias [30] . Additionally, the population studied included solely veterans who are seen in the VA health care system. The demographics of the veteran population may limit the external validity to the national kidney transplant population, as the cohort was almost exclusively male, elderly, and had access to health care. Finally, this analysis solely focused on medication and appointment non-adherence within the VA system and did not assess other non-adherent behaviors (diet, lifestyle, smoking) or non-adherence to visits at other health care settings.
In conclusion, these results demonstrate that non-adherence to health care appointments is a significant and independent risk factor for graft loss and death in kidney transplant recipients. As appointment non-adherence is an easy and objective measure to monitor, as compared to medication, diet and lifestyle non-adherence, these data suggest this may be a promising method to identify high-risk patient cohorts for future interventional studies.
